Abstract-Different techniques to increase the output voltage of a zinc oxide (ZnO) nanogenerator are investigated. As a first optimization step, the ZnO nanowires were annealed in different gases after growth, and this led to a threefold increase in the output voltage. The effect of the different gases on the ZnO nanowires, and hence on the output voltage, is discussed. Next, the addition of different materials to the polymethylmethacrylate that is spun onto the substrate also showed an increase in the output voltage by a factor of 3. The effect of the different materials on the nanogenerator is discussed and the relationship with the output voltage is shown. Combining the mentioned optimization techniques into one nanogenerator led to a measured output voltage larger than 5 V, with a power output of 0.23 μW/cm 2 .
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I. INTRODUCTION

N
ANOTECHNOLOGY has led to the development of devices that integrate nanotechnology with microelectronics [1] . The main problem, however, is to find a sustainable method to power these devices. The small size of the devices makes it impractical to add a macroscale battery as a power source. Even if smaller batteries were available, the replacement of depleted batteries will be a tedious task due to the size of these devices. It is thus necessary to create self-powered sensors that can enhance the adaptability and mobility of these devices [2] .
Zinc oxide (ZnO) nanowires are attracting a lot of attention in the scientific community and a wide range of new applications has been found. These applications include, but are not limited to, wave filters [3] , photonic crystals [4] , light-emitting diodes [5] , photodetectors [6] , photodiodes [7] , gas sensors [8] , and solar cells [9] . A new application of ZnO nanowires is the generation of electricity by converting a mechanical force to electricity through the piezoelectric effect [10] . These nanogenerators can scavenge energy from the environment and can be used to replace conventional batteries to power small electronic devices.
In this letter, various techniques are investigated to enhance the output voltage of ZnO nanogenerators. All the optimization techniques are discussed in order to better understand the effect on the output voltage. Finally, a combination of the techniques is implemented in a single nanogenerator in order to increase the output voltage.
II. FABRICATION OF THE NONOPTIMIZED NANOGENERATOR
The nanogenerator is manufactured on a Kapton polyimide film, which is inherently flexible [11] . The substrate is cleaned and a thin, 10-nm-layer of Au is deposited onto the substrate by dc-sputtering. A 20-nm-layer of ZnO is then deposited on top of the Au layer by RF-sputtering. The coated film is placed on top of a solution, coated side facing down for nanowire growth. The solution consists of an equimolar amount of zinc nitrate hexahydrate (Zn(NO 3 ) 2 6H 2 O) and hexamethylenetetramine dissolved in deionized (DI) water. The solution is placed in an oven at 85
• C for 8 h [12] , [13] . After the growth period, the substrate is rinsed with DI water and then dried with nitrogen gas. Next, polymethylmethacrylate (PMMA) is spun on the sample. The PMMA fills in between the nanowires and fills up to the top of the nanowires, covering the tips. The second to last step is to remove the top layer of PMMA in order to leave exposed ZnO nanowire tips. This is done through a milling process, using oxygen plasma. Lastly, an Au layer is deposited on top of the PMMA, covering the nanowire tips. The manufacturing process is discussed in detail in [14] . Fig. 1 shows a graphical representation of the nanogenerator, with the inset showing the actual finished device. Fig. 2(a) shows a cross-sectional SEM image of the grown nanowires after the substrates were removed from the growth solution and cleaned. From the figure, the nanowires can be clearly seen, with an average diameter of about 100 nm and lengths of 1.5 μm. The growth is also very dense, with the nanowires aligned perpendicular to the substrate, as required. Fig. 2(b) shows the nanowires after the PMMA has been spun onto the substrate and the top layer has been milled down. The spaces between the nanowires are filled with PMMA, but the tips are exposed. In certain areas, the nanowires are shorter and all the PMMA has not been milled away. These areas appear to be darker in the figure.
III. MEASURED RESULTS OF A NONOPTIMIZED NANOGENERATOR
The output voltage of the manufactured nanogenerator is then measured. The nanogenerator is connected to an A/D converter and is then bent to generate an output voltage pulse. No external voltage is applied to the nanogenerator at any time during the measurement.
When the substrate is bent, the top and bottom gold electrodes bend. This causes the nanowires to also bend along with the PMMA. The nanowires are deformed, which disturbs the neutrality of the crystal structure. An electrical current is generated in order to restore the neutrality of the crystal structure, and hence an output voltage is observed. When the nanowire is bend, a reverse-biased Schottky contact is formed between the tensile side of the ZnO nanowire and the gold electrode, and virtually no current can flow across this interface. A forward-biased Schottky contact is also formed between the compressed side of the ZnO nanowire and the gold electrode, which permits electrons to flow. When enough electrons flow, the potential will be large enough to overcome the threshold energy at the forward-biased Schottky contact [15] . The observed output voltage signal is due to the difference of Fermi levels between the two gold layers. As electrons flow across the Schottky contact to the top electrode, the local Fermi surface is raised and an output voltage is observed [15] , [16] . In order to further increase the output voltage, the difference in Fermi levels of the two electrodes must be enlarged. This is done by permitting more electrons to flow from the ZnO nanowire to the top electrode, raising the Fermi level, and thus increasing the difference between the Fermi energies of the two electrodes.
The measured output voltage of the manufactured nanogenerator is shown in Fig. 3 . When the substrate is bent, the voltage pulse increases and reaches a maximum, and as the nanogenerator is released to return to normal, the pulse magnitude decreases, reaching a minimum before returning to zero. The voltage peaks are very small, at an average of about 200 mV, with the highest peaks almost reaching 400 mV. The output from the nonoptimized nanogenerator is thus too small to use in most applications. The voltage must be increased to a couple of volts in order to be useful in everyday applications.
The working mechanism of the nanogenerator is derived from work done by Wang et al. When a strain is applied to the substrate, it causes the nanowires to bend, leading to a drop in the piezoelectric potential along the wire and forcing the electrons to flow through the external circuit. When the substrate is released, electrons will flow back in the opposite direction. When the nanowire is subjected to a tensile strain, a piezoelectric field is generated due to the polarization of atoms in the nanowire crystal to create ionic charges. The ionic charges remain in the nanowire as they are nonmobile, and are not depleted as long as the strain is preserved. When the piezoelectric potential is positive, a forward-biased Schottky barrier will form on the one side of the nanowire and a reverse-biased Schottky contact will form on the other side. The Fermi levels are raised and electrons will flow through the external load. When the strain is reversed, the electrons will flow in the reverse direction to return to its original state [10] , [17] , [18] .
IV. GAS ANNEALING TREATMENT OF NANOGENERATORS
During the nanogenerator manufacturing process, the effect of annealing with different gases was investigated. After the growth of the nanowires, the nanowires were heated in a tube furnace to 350
• C for 30 min, with different gas flow rates. The nanowires were heated under ambient conditions with air, nitrogen, oxygen, and argon gas flow. The effect on the output voltage and output current of the nanogenerator was observed for each gas, compared to the measured results of the nonoptimized nanogenerator. Fig. 4 shows the measured results for a nanogenerator that was heated in a normal air ambient environment. Air is roughly composed of 78% nitrogen, 21% oxygen, with the remaining 1% a combination of different gasses. Compared to Fig. 3 , it is clear that the measured output voltage markedly increased from 400 mV for the nonoptimized nanogenerator to about 1.2 V-a threefold increase in the output voltage. To investigate the increase in output voltage further, nanogenerators were annealed in nitrogen, oxygen, and argon gas environments, respectively. Table I shows the measured output voltages of the nanogenerators for the different gas environments. [19] . The reduction in O vacancies is thus the main reason for the increase in the output voltage. Although the O vacancies are also decreased when the nanowires are annealed in other gas environments, the Zn vacancies are increased, which reduce the output voltage. SEM images showed no clear change in the morphology of the nanowires.
V. ADDITION OF DIFFERENT TYPES OF MATERIALS TO PMMA
As a second investigation, various materials were added to the PMMA and spun onto the substrate, penetrating between the nanowires. The materials used were Au nanoparticles, 10 nm in diameter, single-walled carbon nanotubes (SWCNTs), multiwalled carbon nanotubes (MWCNTs), graphene, 12 nm flakes, and ZnO nanowires. The same amount, in weight, of each material was added to the same volume of PMMA. The PMMA was stirred in order to better disperse the materials in the PMMA. The PMMA compound was then dripped onto the substrate, then spun at 1000 r/min for 10 s and, finally, placed on a hot plate at 100
• C for 30 s. This process was repeated five times to ensure that the PMMA compound filled the nanowire all the way to the top. After the spin process the samples were placed in the oven at 220
• C to dry the PMMA and then milled to remove the top-most layer of the PMMA, exposing clean ZnO nanowire tips. The nanowires were not annealed after growth for these experiments. ZnO nanowires in the PMMA are dispersed throughout the nanogenerator structure. For the Au nanoparticles, SWCNTs, MWCNTs, and graphene, the nanogenerator will look similar, just with the different materials dispersed between the nanowires. Fig. 6(a) -(e) shows the output voltage of five different nanogenerators, with Au nanoparticles, SWCNTs, MWCNTs, graphene, and ZnO nanowires added to the PMMA, respectively. Table II summarizes the measured results.
All the output voltage values from these five nanogenerators are higher than the 400 mV of the nonoptimized nanogenera- tor. The addition of the various materials to the PMMA thus enhanced the output voltage magnitude with as much as three times, in the case of the addition of the ZnO nanowires.
The Au nanoparticles are 10 nm in diameter. The nanoparticles can thus easily penetrate between the nanowires. The nanoparticles do not agglomerate as in the case of the CNTs or graphene. The nanoparticles will make contact with the top gold electrode, reducing the overall internal resistance of the nanogenerator.
This reduction in internal resistance leads to less loss internally and a higher output voltage, as observed. Fig. 7 shows an equivalent electrical schematic of the nanogenerator, where V i is the voltage generated by the piezoelectric effect, R s is the internal resistance (the nanowire resistance, the bottom electrode resistance, and the top electrode resistance), C s is the internal capacitance in the top and bottom electrodes, and the capacitance of the nanowire. Resistance R p is the resistance of all the other nanowires that are not actively contributing to the output voltage, and capacitance C p is the capacitance between the top and bottom electrodes, as well as the capacitance between all the nanowires. The Au nanoparticles affect both R s and R p , reducing both resistance values, resulting in a higher output voltage. Furthermore, the ZnO nanowires also form local Schottky contacts with the Au nanoparticles, which add to the output voltage. These Schottky contacts are not at the tip of the nanowires, but rather somewhere down the length of the nanowires. The output signal is observed only when there is contact between the nanowire and the Au nanoparticles.
The SWCNTs, MWCNTs, and graphene all have the same effect. As is the case for the Au nanoparticles, both R s and R p are reduced, leading to less internal loss and the production of a larger output current. The differences in measured output voltages that were observed are due to the specific attributes of the individual materials. SWCNTs, MWCNTs, and graphene are all carbon-based materials, but they have different levels of conductivity. Graphene is the best conductor of electricity, followed by SWCNTs and then MWCNTs [20] - [24] . However, adding SWCNTs to the nanogenerator increased the output voltage more than that in the case for graphene. This indicates that the change in internal resistance is not the main factor driving the increase in the output voltage.
As mentioned above, the magnitude of the generated output voltage is determined by the difference in Fermi level of the top and bottom gold electrodes. When graphene, SCWNTs, or MWCNTs are added to the PMMA, contact is made between the ZnO nanowire and the carbon material. A Schottky contact will form when the electron affinity of ZnO (4.5 eV) is smaller than the work function of the other material [25] . The work function for plain carbon is 4.8 eV, but is different for the nanostructures. Table III summarizes the work functions of the three different carbon structures [26] . The work function of a material (Φ) is the energy required to move an electron in a solid from its Fermi level to the vacuum level. The Schottky barrier height (E A ) that has to be overcome is the difference between the conduction band of the electrons and the Fermi level at the Schottky interface. These energy levels are shown in the simplified energy band diagram in Fig. 8 , where E vac is the energy at the vacuum level, E C is the conduction band, E V is the valence band, and EF is the Fermi level. This means that ZnO and any one of the three carbon structures will form a Schottky contact, due to the individual work functions being larger than the electron affinity of ZnO for all cases. Thus, electrons can flow from the nanowire to the carbon structure, across the Schottky contact interface. A certain amount of energy is required to overcome the Schottky barrier, but once the barrier has been crossed, electrons can freely move across this barrier. The free-moving electrons will flow from the nanowire to the carbon structure, raising the Fermi level and, in turn, raise the generated output voltage. The biggest difference in Fermi levels occurs in the SWCNTs, followed by graphene (and the Au nanoparticles) and lastly the MWCNTs, as indicated by the measured output voltages. The data show that the higher the work function, the higher the output voltage will be. Although gold has a work function of 5.1 eV, the nanoparticles are so small that the contact resistance increases considerably, and hence the lower measured output voltage. This means that the Fermi level difference for SWCNTs is the biggest, leading to the highest generated output voltage. However, the highest output voltage of all the nanogenerators was observed when ZnO nanowires were added into the PMMA, as is shown in Fig. 6 (e). We believe that this can be attributed to the fact that the additional nanowires in the PMMA are also able to bend, thus contributing to the generated output voltage. It has been shown that laterally oriented nanowires lead to higher generated output voltages, as was observed in our case [27] , [28] .
VI. OXYGEN MILLING TREATMENT OF A NANOGENERATOR
One additional test was performed on a nanogenerator, where it was milled in oxygen before the PMMA was spun onto the substrate. The oxygen mill works by creating an oxygen plasma. The oxygen plasma is usually applied to thin films of ZnO to reduce the surface accumulation of H atoms that accumulate during the deposition of the ZnO thin films. The plasma also helps to reduce the number of oxygen vacancies that are present within the nanowires and thereby increases the carrier concentration of the nanowires [29] , [30] . The output voltage of the nanogenerator that has been milled before PMMA was spun onto the substrate is shown in Fig. 9 . The measured voltage peaks are higher than the results for the nonoptimized nanogenerator (see Fig. 3 ). The peaks have increased to almost 600 mV, with an average of 350 mV, almost doubling the measurements obtained for the nonoptimized nanogenerator. As mentioned before, this is due to the reduction in oxygen vacancies, which in turn leads to an increase in carrier concentration [29] . As before, SEM images show no visible change in the morphology of the nanowires.
VII. RESULTS FOR AN OPTIMIZED NANOGENERATOR
Finally, a combination of the optimizing techniques mentioned above was implemented. The nanowires were grown, exposed to an oxygen plasma, and then annealed at 350
• C in air for 30 min after growth. PMMA was spun onto the substrate, containing a combination of SWCNTs and ZnO nanowires. SWCNTs and ZnO nanowires were chosen, because both individually caused an increase in generated output voltage. The measured output voltage of the optimized device is shown in 
VIII. CONCLUSION
ZnO nanowires were used to manufacture a nanogenerator. The nanowires were annealed in different gases after growth, showing a marked effect on the generated output voltage of the nanogenerator. The different gasses had different effects on the two vacancies that are present in the ZnO nanowire crystal after growth, leading to different values for the output voltage. Annealing the nanowires in air resulted in the highest output voltage of all the gases used. A second technique involved a combination of different materials in the PMMA that is spun onto the substrate. The different materials had different effects on the nanogenerator structure and hence on the generated output voltage of the nanogenerator. The addition of SWCNTs and ZnO nanowires to the PMMA resulted in the biggest increase in the output voltage. Finally, it was shown that a combination of the optimization techniques can be used to increase the output of the nanogenerator to a peak of 5 V, a tenfold increase in output voltage, when compared to the original nonoptimized nanogenerator. One area where further optimization is required is in the output current. The output current needs to be increased further before the nanogenerator will be of practical use.
